Considering the worldwide increasing prevalence of resistance to traditional antibiotics, it is necessary to find new antibiotics to deal with this issue. Recently, antimicrobial peptides (AMPs) have been proposed as new antimicrobial agents. Aureins are a family of AMPs that are isolated from Green and Golden Bell Frogs. These peptides have a favorable antibacterial activity against Grampositive bacteria. We designed two peptides derived from natural Aurein enjoying alignmentbased design method. After synthesis of the peptides, their secondary structure was checked by circular dichroism. Consequently, the antibacterial effects of these peptides were investigated by determining the minimum inhibitory concentration (MIC) and bactericidal concentration. Eventually, the toxicity of these peptides was determined by MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) assay on normal human skin cells (Hu02 cell line). Natural Aurein1.2 was used as a natural control to compare the properties in all stages. The results indicated that these new peptides had medium-upward antimicrobial activity against Escherichia coli, Pseudomonas aeruginosa, and Bacillus subtilis (MIC of 8-64 μg/mL) and weak bactericidal activity against Staphylococcus aureus (MIC of 128-256 μg/mL). Also, MTT assays results showed that AureinN2 is less toxic than AureinN1 and Aurein1.2. Toxicity of AureinN2 for Hu02 cell lines was between 20 and 40% at the concentration of 8-500 μg/mL. In this study, we were able to improve antimicrobial activity of two synthetic derivatives of the Aurein family against Gramnegative bacteria by using machine-learning algorithm and other in silico methods.
| INTRODUCTION
Inappropriate and extreme use of classical antibiotics has induced emergence and spread of antibiotic-resistant microorganisms around the world (Gasper, Veiga, & Castanho, 2013) . Nowadays, awareness of importance of antimicrobial peptides (AMPs) is regarded as an improvement toward new and resistance-free therapies for infectious diseases (Wang, Zeng, Yang, & Qiao, 2016) . AMPs are a group of natural molecules generated by the immune system of living organisms of all types (Gupta, Bhatia, Sharma, & Saxena, 2018; Peters, Shirtliff, & Jabra-Rizk, 2010) . Skin secretions from many species of amphibians contain toxic peptides-often in very high concentrations, with broadspectrum antimicrobial activities-and may kill the mammalian cells (Conlon & Mechkarska, 2014) . Some of the AMPs have been identified from the glands skin secretions of Australian frog such as Aurein.
AMPs derived from these secretions are cationic, usually with a charge between +2 and +6 at pH 7 due to the presence of multiple Hamid Madanchi and Shabnam Akbari are co-first authors and contributed equally to this research. lysine residues, and comprise about 50% hydrophobic amino acids (Conlon & Mechkarska, 2014) . Aureins are isolated from Green and Golden Bell Frogs Litoria aurea and L. raniformis (Rozek1, Wegener, Bowie, Olver, & Carver, 2000) . So far, 17 Aurein peptides have been identified in the secretion of L. aurea and 16 peptides from the corresponding secretion of L. raniformis (Rozek1 et al., 2000) . Aureins have suitable antibacterial activity against Gram-positive bacteria and moderate or weak antimicrobial activity against Gram-negative bacteria (Wenzel et al., 2015) . To date, many AMPs in clinical trials have been ineffective due to some limitations disrupting their therapeutic application. Most important limitations of natural AMPs are instability, toxicity, immunogenicity, and high production cost (Maccari, Nifosì, & Di Luca, 2013) . In silico methods for designing AMPs can strongly reduce production costs as well as their other limitations (Maccari et al., 2013) . Cerebro design and computer-aided design methods for AMPs designing are two important strategies for rational designing of AMPs (Porto et al., 2018) . In cerebro design methods, the bacterial membrane is a target for AMPs and modifications are performed to increasing peptide cationicity and hydrophobicity (Cardoso et al., 2016) . Computer-based design methods make it possible to detect the AMPs sequence using machine-learning algorithms (Porto et al., 2018) . Awareness of peptide amino acids composition, the position of amino acids, net charge, hydrophobicity, and other physicochemicals properties such as 3D structure, Boman index, GRAVY, and isoelectric pH (pI) are important for both strategies. GRAVY is abbreviation for grand average of hydropathicity index. Proteins with a positive GRAVY index are more hydrophobic, whereas proteins with a negative GRAVY value are more hydrophilic and tend to be more water soluble (Kyte & Doolittle, 1982) . Boman index or protein-binding potential is a parameter to differentiate the action mechanism of hormone like peptide (protein-protein) and antimicrobial activity of peptides (protein-membrane) (Boman, 2003; Osorio, Rondón-Villarrea, & Torres, 2015) . The peptides with a Boman index of more than two have high protein-protein binding potential. Alignment-based designing offers good results and can be helpful in identification of the conserved amino acids. Machine learning algorithms are very useful in screening the features of antimicrobial peptide and their prediction (Fjell, Hiss, Hancock, & Schneider, 2012) . In this study, we used the machine-learning algorithm and some conserved amino acids from Aureins family for new AMPs design to investigate their antimicrobial effects against Gram-negative bacteria. After synthesis of peptides, the secondary structure was evaluated by circular dichroism (CD), and the antibacterial activity and cytotoxicity of these peptides were investigated.
| MATERIALS AND METHODS

| Alignment-based design of peptides and in silico methods
Initially, the percentages of 20 amino acids were determined from APD3 database (http://aps.unmc.edu/AP/main.php) in antibacterial peptide subgroups and sorted based on their frequency. Clustal Omega multiple sequences alignment tool from European Bioinformatics Institute (https://www.ebi.ac.uk/Tools/msa/ clustalo/2018) was used for sequence alignments of 11 members of Aurein family (Moradi, Azerang, Khalaj, & Sardari, 2013 
| Synthesis of peptides and their validation
Two new peptide derivatives (AureinN1 and AureinN2) and Aurein1.2 as natural peptide control were synthesized by the solid-phase synthesis method according to fluorene-9-methoxycarbonyl-polypeptide active ester chemistry (Park, Kim, & Kim, 1998) by Mimotopes Pty Ltd (Clayton, Victoria, Australia). Synthesized peptides were purified by C18 reverse-phase high-performance liquid chromatography (RP-HPLC) to 95% purity. Molecular weights of synthetic peptides were determined by mass spectrometry analyses on a Sciex API100 LC/MS mass spectrometer (Perkin Elm Co., Norwalk, CT) in the positiveion mode. 
| Chemicals and compounds
| Bacterial strains and cell line
To carry out antibacterial tests, the following microorganisms were 
| Measurement of antimicrobial activity (minimum inhibitory concentration and minimum bactericidal concentration)
The antimicrobial efficacy of the different peptides was evaluated using a serial dilution titration method, according to Clinical and Laboratory Standards Institute (CLSI) guidelines, to determine minimum inhibitory concentration (MIC) of the peptides against different bacterial strains (Akbari et al., 2018; Szabo et al., 2010) . Briefly, bacteria
were grown overnight at 37 C in MHB and were diluted in the same medium. Serial dilutions of the peptides were added to the microtiter plates in a volume of 100 μL, followed by the addition of 100 μL of bacteria to give a final inoculum of 5 × 10 5 colony-forming units (CFU)/mL. The plates were incubated at 37 C for 24 hr and 48 hr, and the MICs were determined (Moradi et al., 2013) . Then, 100 μL of the initial inoculum of 5 × 10 5 CFU/mL was platted on MHA as the positive control, and 100 μL of the 24 hr inhibitory concentration test samples was platted on MHA to determine the minimal bactericidal concentrations (MBCs) (Manzini et al., 2014) .
| Determination of peptides toxicity on normal human skin cells by MTT assay
To determine the toxicity of the new peptides and Aurein1.2, Hu02
cell line was cultured at 1 × 10 5 cell/well in 96-well plates for 24 hr under optimal conditions (37 C, 5% CO 2 in humidified incubator).
Then, the growth media (10% FBS) was removed, and the cells were Quintet wells were analyzed for each concentration, and column elution buffer was used as a control. In addition, cisplatin was used as a positive toxicity control. A 10 μL solution of freshly prepared 5 mg/mL MTT in PBS was added to each well and incubated for an additional 4 hr. Next, the media was removed, and isopropanol was added at 100 μL/well. Plates were then shaken gently to facilitate formazan crystal solubilization. The absorbance was measured at 545 nm using a microplate reader (STAT FAX 2100, BioTek, Winooski) (Rothan, Mohamed, Suhaeb, Abd Rahman, & Yusof, 2013 ).
Percentage of cell viability was calculated as follows:
Viability % = 100 − Toxicity%
| Killing kinetics assay
To demonstrate the dynamic effect of the antimicrobial agents at any point in time, killing kinetic Assay can be used. Briefly, logarithmically growing E. coli ATCC 25922 were suspended to fresh MHB, adjusted to 5 × 10 5 CFU/mL, and added to the medium containing the peptides at concentrations equivalent to 1× MIC and 2× MIC. After incubation for 0, 15, 30, 60, 120, 150, and 180 min at 37 C, samples were serially diluted and plated in triplicate onto MHA plates. CFU was counted after 24 hr of incubation of plates at 37 C (Memariani et al., 2017) . In this study, streptomycin and penicillin were used as antibiotic controls.
| Statistical analysis
In our study, all MIC data are represented as mean AE SD. After the initial screening by machine-learning algorithm such as SVM among these new sequences, 10 peptides with best properties were selected. Then, GLFDIIKKTIGKLR sequence was selected from these 10 peptides, based on physicochemical characteristics such as hydrophobicity, net charge, GRAVY index, Boman index, and AMP prediction score (Table 1) . Afterward, to increase the probability of having antimicrobial properties, a mutation was created at D4 position in this sequence and two GLFNIIKKTIGKLR (AureinN1) and GLFWIIKK-TIGKLR (AureinN2) sequences were obtained. Next, the probability of antimicrobial activity and physicochemical properties of these new sequences and Aurein1.2 (GLFDIIKKIAESF) was evaluated (Table 2) .
By helical wheel projection, hydrophobic and hydrophilic faces of each the peptides were drawn up (Figure 2). Results of Predicted Antigen
Peptide software predicted that there are no antigenic determinants 
| Peptide synthesis
All peptides in this study were chemically synthesized and purified to >95%. The quantity and quality of peptide synthesis were confirmed by RP-HPLC and mass spectroscopy (Figure 4 ).
| MIC and MBC determination
MICs and MBCs of aurerinN1, N2, and Aurein1.2 peptides and two control antibiotics (penicillin and streptomycin) against two Grampositive bacteria (S. aureus and B. subtilis) as well as two Gramnegative bacteria (E. coli and P. aeruginosa) were determined (Table 3 ).
Statistical analysis showed that bactericidal activity of AureinN1 and AureinN2 in Gram-negative bacteria was significantly higher than Aurein1.2 (p < 0.0001). In other words, Aurein1.2 had no antibacterial effect on selected Gram-negative bacteria. Based on statistical analyze, AureinN2 showed significantly lower mean MIC values than Aurein1.2 (p < 0.0001) and AureinN1 (p < 0.003). Therefore, in comparison with AureinN2, AureinN1 showed less antibacterial effects. AureinN2 showed an acceptable activity against P. aeruginosa, E.coli, and B. subtilis, at a MIC of 8-16 μg/mL and weak activities against S. aureus (128 μg/mL). All tests were conducted in triplicate, and their mean AE SD results are shown in Table 3 .
| Structure determination of AureinN1 and AureinN2 peptides by CD
The data obtained from CD were analyzed by the CAPITO web server (Wiedemann, Bellstedt, & Görlach, 2013) . The data from CD UV spectra of the peptides in 70% TFE made it clear that there is a typical α-helix spectrum for AureinN2 with characteristic bands at 193, 208, and 220 nm. However, the α-helix content in AureinN2 was 59%, whereas it was 35% for AureinN1. The recorded spectra corresponding to the AureinN1 and AureinN2 have been depicted in Figure 5 .
| MTT assay results
Based on the toxicity/concentration chart, the half inhibitory concentration (IC 50 ) for each peptide was calculated by GraphPad Prism 5.0 software ( Figure 6 ). The results showed that AureinN1 has about 30-60% toxicity at 50-500 μg/mL, whereas AureinN2 is less toxic than AureinN1 at concentration of 5-500 μg/mL. Also, IC 50 value of AureinN2 is higher than Aurein1.2 and AureinN1; therefore, AureinN2 is less toxic than them. 
| Time of the killing results
| DISCUSSION
In silico methods for AMPs design are promising strategies for handling the limitations of natural AMPs (Maccari et al., 2013; Porto et al., 2018) . Using alignment-based design and keeping the conserved amino acids can help to modify the activity and toxicity of AMPs. In this study, we used the machine-learning algorithm to predict the antimicrobial effects. The peptides designed in this work are different from the Aureins family, in terms of their C terminal amino acids. In AureinN1 and N2, GKLR sequence is a high-frequency segment in peptides used against Gram-negative bacteria and was added to C terminal region.
Although GLFD sequence is highly conserved in Aurein family (Wenzel et al., 2015) , according to the basic concepts in AMPs design, the anionic aspartic acid can decrease the antimicrobial properties. Therefore, D was replaced with asparagine (N) and tryptophan (W) in AureinN1 and AureinN2, respectively. Asparagine is an uncharged polar amino acid, and tryptophan is a hydrophobic aromatic amino acid.
Use of high-purity peptides ensures that observed effects are exclusively related to the desired designed peptides. Thus, we used a purity above 95%, as was checked by RP-HPLC, for our peptides. Most members of the Aurein family such as Aurein1.2 have antimicrobial effects on the FIGURE 3 Prediction of tertiary structure of Aurein1.2 (a), AureinN1 (b), and AureinN2 (c) by PEP-Fold3 server shows that helix and random-coil are the major 3D structures in AureinN2
FIGURE 4 Reverse-phase high-performance liquid chromatography chromatograms for AureinN1 (a), AureinN2 (b), and Aurein1.2 (c) and mass spectrometry curves for AureinN1 (d), AureinN2 (e), and Aurein1.2 (f ) that confirm the molecular weight and purity of the synthesized peptides
Gram-positive bacteria (Rozek1 et al., 2000; Wenzel et al., 2015) . In our study, Aurein1.2 as positive peptide control had no antibacterial effect on two selected Gram-negative bacteria. Although AureinN2 showed a good to moderate antimicrobial effects on two Gram-negative bacteria and B. subtilis, AureinN1 had a moderate antimicrobial effect on all selected bacteria. Due to the net charge and hydrophobic ratio of aurinN1 and N2, it can be suggested that under the same electric charge conditions, the most hydrophobic peptide with more GRAVY index is more efficient. The use of natural AMPs has limitations such as the rapid degradation in the body, a short half-life, immunogenicity, and cytotoxic effects on human cells (Gasper et al., 2013) . Awareness of the physicochemical properties of AMPs and using bioinformatics modification of natural sequences can help to overcome these limitations. Increasing the hydrophobic ratio in the nonpolar face of the peptides to increase the symmetry in hydrophobic and hydrophilic faces can enhanced their hemolytic and anticancer activity (Boland & Separovic, 2006; Mor, Hani, & Nicolas, 1994) . In our project, helical wheel projection showed that from Aurein1.2 to AureinN1 and AureinN2, the hydrophilic face becomes more discontinuous by replacement of N (in AureinN1) and W (in AureinN2) amino acids in the fourth position. Based on APD3 database, Aurein1.2 secondary structure is α-helix (Rozek1 et al., 2000) . Also, results of CD spectra for Aurein1.2 indicate that the peptides are as random coils in aqueous solution and adopt an alpha-helical conformation in TFE solution (Soufian, Naderi-Manesh, Alizadeh, & Sarbolouki, 2009) . Our CD studies for AureinN1 and AureinN2 in 70% TFE solution showed that there is a typical α-helix spectrum for AureinN2; however, helix content in AureinN2 is 59%, whereas it is 35%
for AureinN1. Therefore, in solutions containing TFE that can simulate membrane, secondary structure of AureinN2 is more similar to the Aurein1.2. According to killing kinetics Assay, AureinN2 has a higher power and faster bactericidal effects than AureinN1 and penicillin. Analysis and design of AMPs based on the structural patterns of motifs can be used in this regard; for example, recognizing motifs that work against Gram-negative bacteria or Gram-positive bacteria. This method is carried out using positive and hydrophobic amino acids and placing them in a suitable position based on the pattern (Maccari et al., 2013) . Increasing the hydrophobic ratio in the nonpolar face of the peptides enhanced their FIGURE 5 Circular dichroism spectra analysis of AureinN1 (black) and AureinN2 (green) shows that these both peptides in 70% TFE solution have mixed secondary structure. However, α-helix (59%) and random coil (36%) are main structures in AureinN2, whereas, in AureinN1, only 35% of secondary structure is α-helix (Boland & Separovic, 2006; Maccari et al., 2013) . Yang et al. showed a correlation between increasing hydrophobicity and anticancer and hemolytic activities (Yang et al., 2013) . In our studies, at AureinN2, instead of aspartate, tryptophan was replaced.
However, its toxicity was reduced compared to AureinN1 with asparagine in the fourth position. MTT assay results suggest that adding hydrophobic amino acids does not always increase toxicity. In other words, toxicity of AMPs for human cells depends on other factors, such as amino acid composition, amino acid position, peptide net charge, and length of peptide (Liu et al., 2007) . Hence, the tryptophan as a hydrophobic amino acid not only eliminates the integrity of the hydrophilic face and reduces toxicity but also increases the antimicrobial effect against selected bacteria.
| CONCLUSION
In silico design methods and machine-learning algorithms are suitable tools to generate new AMPs. The members of Aurein family are one of the most important AMPs that have good antibacterial activity against
Gram-positive bacteria. In this study, we improved antimicrobial activity of two peptides derived from Aurein family against Gram-negative bacteria by using conserved amino acids and applying high-frequency amino acids in natural peptides with activity against Gram-negative bacteria.
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FIGURE 7 This figure shows the killing kinetic curves of Escherichia coli 25922 at 1× minimum inhibitory concentration (MIC) (a) and 2× MIC (b) for AureinN1, AureinN2, and Aurein1.2 as natural peptide control. Streptomycin and penicillin were used as antibiotic controls. Error bars indicate standard deviation
